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Abstract
The extension of the modified Wilson model to multicomponent mixtures, presented in a previous publication, is applied to predict
the partition of the following proteins: bovine serum albumin (BSA), lysozyme, glucosidase and catalase, in the Na2SO4/PEG6000 and
K2HPO4/PEG6000 aqueous two-phase systems at 298.15 K. The results obtained with the model are, in general, in fair agreement with the
experimental data.
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dIn the modelling methodology adopted here, special emphasis on the so-called “charge effects” to the protein partition was given. To
ur knowledge, no experimental information is available in the literature that allows to estimate the interaction parameters between these
acromolecules and the components present in the aqueous two-phase systems (water, salts and polymer). Thus, the deviations observed
etween calculated and experimental protein partition are mainly due to some assumptions made in the predictive methodology.
2005 Elsevier B.V. All rights reserved.
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. Introduction
In the last decades considerable advances concerning the-
retical aspects of aqueous two-phase systems (ATPS), as a
ean to separate aqueous mixtures of proteins, have been
eported [1–13]. As Albertsson [14] pointed out, an aque-
us two-phase system will occur when we add, to an aque-
us medium, and above some minimum concentrations, two
hermodynamically incompatible substances. These can be
ither two polymers or a polymer and a salt. When we intro-
uce proteins to an ATPS they will “prefer” one or another
hase, and therefore separation can be achieved.
Among the major factors leading to the success of the
TPS as an extraction technique, are the fact that they pro-
ide an innocuous environment for the biomolecules, their
bility in conferring good resolution factors as well as high
∗ Corresponding author. Tel.: +351 22 5081653; fax: +351 22 5081674.
E-mail addresses: ppalma@fe.up.pt (P.P. Madeira), eamacedo@fe.up.pt
E.A. Macedo).
activities yields, the easy direct use of available chemical en-
gineering equipment and the possibility to directly apply the
ATPS extraction technique to a fermentation broth, where
proteins are usually produced [11,12].
The major factors governing protein partition, when affin-
ity ligands are not incorporated, are well known and include
the so called environmental conditions, such as pH, type of
buffer, ionic strength, temperature and the phase-forming
polymer or salts used, and the characteristics of the pro-
teins, i.e., hydrophobicity, molecular size, conformation and
charge.
It is common practice, when predicting the partition of
proteins in an ATPS, to use the expression derived by Al-
bertsson [1]:
lnKp = lnK0 +
zpF
RT
ϕ (1)
where Kp denotes the partition coefficient of a protein, of net
surface charge zp. ϕ is the electrical potential difference
between both phases, while K0 is the partition coefficient of
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Nomenclature
a interaction parameter defined in Eq. (21), or
activity
A Debye–Hu¨ckel parameter
B parameter
exp. experimental
F Faraday’s constant
G, GE binary parameter, excess Gibbs free energy
I ionic strength
K partition coefficient
K0 partition coefficient in the absence of an elec-
trical potential difference
m molality
n mole number of segment–segment pairs, or
polymerization degree
q effective segment number of polymer
r number of segments per molecule
R universal gas constant
T absolute temperature
T0 reference temperature, 298.15 K
x mole fraction of polymer solutions
X effective mole fraction of segments
z charge number
Greek letters
α non-random factor in the Wilson model
 difference
Φ volume fraction
ϕ electrical potential
γ activity coefficient
µ electrochemical potential
θ surface/area fraction
τ binary interaction parameter
Subscripts
a, a’, a” anion
c, c ,c” cation
comb combinatorial
i, j, m any species or segments
ii, ij, jj segment–segment pairs
k reference ion
LR long-range
p protein
SR short-range
1, 2, 3 water, polymer and salt, respectively
Superscripts
b bottom phase
E notation of excess quality
t top phase
ref reference state
the same protein in the absence of either a net charge or an
electrical potential difference. F, R and T stand for Faraday
constant, universal gas constant and absolute temperature,
respectively. Thus, to predict the partition coefficient of a
given protein in an ATPS, according to this method, we need
not only a mean to obtain ϕ, but also a way to calculate the
net charge of the protein as well as an established model to
calculate K0.
The electrostatic potential difference between the aqueous
phases is attributed to the unevenly distribution of the ionic
species and seems to play an important role in the partition of
proteins in ATPS [9,10,15]. Despite the predominant influ-
ence of the electrical contribution on the partition of charged
proteins, some doubt remains in the state of art about the
experimental assessment as well as about the theoretical ex-
planation of the electrical potential difference between phases
[9]. Some authors use an indirect approach to calculate ϕ
[16–18]. They obtain the electrical potential difference be-
tween phases from experimental results of the partition coef-
ficient of proteins. According to Eq. (1) a linear relationship
between lnKp and zp is expected, as long as K0 remains con-
stant. Although simple in nature, some premises are doubtful.
For instance, K0 may vary with changing conditions such as
pH, ionic strength, type and concentration of phase form-
ing polymers/salt. Besides, the net charge of the protein is
usually assumed to depend solely on pH, which may not be
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ect experimental measurement of ϕ [9,11,19,20]. Some
uthors [9–11,20] used Ag/AgCl capillary-electrode appara-
us to measure experimentallyϕ’s. But as some researchers
oted [21] the obtention of unambiguous measurement ofϕ
ccording to this method is not simple. The similarity of the
esults is the strongest argument favoring their reliability.
In the last decade, Gromann and Maurer [5] showed that
ϕ could be calculated exactly from the excess Gibbs energy
f the solution, provided that there is no external electrical
eld and that the two-phase system is obtained by mixture of
eutral components, and by introducing the condition of elec-
roneutrality for each of the coexisting phases. They defined
he electrical potential difference between both phases as the
ifference in the chemical potential of an arbitrarily chosen
eference ionic species coexisting in those phases. Accord-
ng to these authors, the electric potential difference between
hases is given by:
ϕ = ϕb − ϕt = RT ln(a
t
k/a
b
k)
Fzk
(2)
nd the partition of any other ionic species present in the
hases by
nKi = ln
(
mti
mbi
)
= ln
(
γbi
γ ti
)
+ Fzi ϕ
RT
= ln
(
γbi
γ ti
)
+ zi
zk
ln
(
atk
abk
)
(3)
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where ak is the activity of the reference ion, zk is the num-
ber of elementary charges on the reference species, and the
superscripts t and b stand for top and bottom phases, respec-
tively. The major drawback of this approach lies on the lack
of experimental information, especially when applied to the
partition of proteins. In fact, to use this theory we need sepa-
rate experiments to assess the interaction parameters between
proteins and the other components in the aqueous two-phase
system. Unfortunately, in the literature these experimental
data are scarce.
The application of the quasi-electrostatic-potential theory
developed by Newman [22] is another widely used approach
[8,9]. Here, an arbitrary reference ion k is selected, and all
non-idealities in the electrochemical potential of k, µk, are
assumed to be electrostatic in nature:
µk = µ0k + RT ln(mkγk) = RT ln(mk) + zkFϕ (4)
where µ0kis the standard-state chemical potential of compo-
nent k,mk is the molality of ion k, γk is the activity coefficient
of the same ion, and R, T, F, zk and ϕ have the same meaning
as above. From Eq. (4), the electrochemical potential of any
other ionic specie i can be easily obtained [9]:
µi = µ0i −
zi
zk
µ0k + RT ln(miγi) − RT
zi
zk
ln(γk) + ziFϕ
(5)
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Several models that attempt to calculate K0 (see Eq. (1))
have been reported. The osmotic virial-expansion models and
those based on the lattice theory are among the most widely
used (for a discussion on the particularity of those models
see, e.g., [21,24]).
In a previous paper, Xu et al. [25] presented a new mod-
ified Wilson equation to represent the vapor–liquid equilib-
rium (VLE) behavior of homologous aqueous polymer so-
lutions, that incorporates some ideas from previous mod-
els, but in which the heat capacity is taken into account.
Later, the model was extended to multicomponent systems
to test its ability in correlating and predicting the LLE of
polymer–polymer [26] and polymer–salt [27] aqueous two-
phase systems. In this work, the modified Wilson model
is tested as a tool to predict the protein partition (bovine
serum albumin (BSA), lysozyme, glucosidase and catalase)
in the Na2SO4/PEG6000 and K2HPO4/PEG6000 aqueous
two-phase systems at 298.15 K. The data used to evaluate the
capabilities of the model were collected from the literature.
2. Thermodynamic framework
The excess Gibbs energy is given as a sum of three con-
tributions:
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eWe can now apply the phase equilibrium condition for
he ATPS, i.e., for bottom (b) and top (t) phases at constant
emperature T and pressure P, for any ion present in both
hases:
t
i = µbi (6)
Substituting Eq. (4) into Eq. (6), and after some rearrange-
ent, we can obtain, according to the quasi-electrostatic-
otential theory [22], an expression for the electrical potential
ifference between phases:
nKk = ln
mtk
mbk
= zkF
RT
ϕ (7)
here Kk is the partition coefficient of the reference ion and
ϕ =ϕb −ϕt. The expression for the partition of other ionic
pecies present in the systems is given by Eq. (3).
It is generally accepted to access the net charge of a protein
ased on acid/base titration coupled with isoelectric focusing
xperiments [23]. Thus, when we predict the partition coeffi-
ient of a specific protein, we are assuming that its net charge
epends solely on pH.
In fact, the titration/electrophoresis experimental condi-
ions (e.g., ionic strength) used to obtain the net charge are
sually different from those in the ATPS. Since the net charge
f a given protein seems to play an important role in its par-
ition behavior, we believe that more experimental investiga-
ion should be directed to this specific area in order to assess
he validity of the assumption.E = GELR +GEcomb +GESR (8)
here the first term accounts for the contribution of long-
ange electrostatic interactions due to the presence of ionic
pecies, the second term for the combinatorial contribution,
hat considers the size/shape of the molecules, and the last
erm for the short-range interactions, and reflects the interac-
ions between segments of molecules.
According to Eq. (8), the activity coefficient may be writ-
en as:
nγi = lnγi,LR + lnγi,comb + lnγi,SR (9)
The activity coefficients of all the solutes in ATPS are
ormalized to the infinite dilution reference state:
nγ∗i = lnγi − lnγ refi (j = 1) (10)
here γ refi is the activity coefficient at the infinite dilution
eference state.
.1. Electrostatic interactions
The mean ionic activity coefficient of electrolyte i can be
ritten as [28]:
lnγi)LR =
A|ZaZc|I1/2
1 + BI1/2 (11)
here Za and Zc are the absolute charge number of the anion
nd cation respectively, and A is the usual Debye–Hu¨ckel
arameter. B is, in this study, set equal to 1.2 [29] for all
lectrolyte solutions considered. I is the ionic strength of the
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mixture in the molality scale. The contribution of the long-
range forces to the activity coefficient of water is calculated
according to the following equation [29]:
(lnγw)LR =
2AMw
(10B)3
(
(1 + BI1/2) − 1
1 + BI1/2
−2 ln(1 + BI1/2)
)
(12)
The activity coefficient of ion j is calculated according to
the following equation [29]:
(lnγj)LR = −
AZ2j I
1/2
(1 + BI1/2) (13)
2.2. Combinatorial contribution
The expression ofGEcomb for multicomponent ATPS is ob-
tained by directly extending the equation for binary polymer
aqueous solutions [25]:
GEcomb
RT
=
∑
i
ni ln
Xi
xi
+ 1
α
∑
i
niqi ln
Xi
Φi
(14)
where ni is the mole numbers of species, Φi and xi are the
volume fraction and mole fraction, respectively. Xi is the hy-
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segment aggregate state for polymers, and following the same
derivation procedure of Wu et al. [31] and Chen and Evan
[32], the expression for the short-range term can be obtained
by extending the short-range interaction for binary polymer
aqueous solutions [25]:
GESR
nqRT
= − 1
α

∑
m
Xm ln

∑
j
XjGjm


+
∑
c
Xc
∑
a′
Xa′∑
a′′ Xa′′
ln

∑
j
XjGjc,a′c


+
∑
a
Xa
∑
c′
Xc′∑
c′′ Xc′′
ln

∑
j
XjGja,c′a




(19)
where Gij = exp(−αijτij), Gji,ki = exp(−αji,kiτji,ki). After ap-
propriate differentiation, the activity coefficient may be ob-
tained:
1
qm
lnγm,SR = − 1
α

ln

∑
j
XjGjm


∑ Gmm′ ∑∑ Xa′ XcGmc,a′cothetical effective fraction of segment of polymer, and is
iven by:
i = θiCi, (if i = ion, Ci = Zi,
therwiseCi = 1) (15)
i = niri
nr
, nr =
∑
nkrk (16)
i = niqi
nq
, nq =
∑
nkqk, qi = ri
[
1 − α
(
1 − 1
ri
)]
(17)
here ri is the number of segments, θi is the effective segment
raction and qi means the effective number of segment.
The expression of the activity coefficient for the combi-
atorial contribution is obtained from Eq. (14):
nγi = lnXi
xi
+
∑
j
Xj
(
1 − qi
qj
)
+qi
α

lnXi
Φi
+
∑
j
(
qjri
qirj
− 1
)
Φj

 (18)
.3. Short-range interactions
Based on the assumptions of local electroneutrality, like-
on repulsion [30] for the existing ions, and the hypothetical+
m′
Xm′∑
j XjGjm
+
c a′
∑
a′′ Xa′′
∑
j XjGjc,a′c
+
∑
a
∑
c′
Xc′∑
c′′ Xc′′
XaGma,c′a∑
j XjGja,c′a
− 1
)
(20a)
1
Zc
lnγc,SR = − 1
α

∑
a′
Xa′∑
a′′ Xa′′
ln

∑
j
XjGjc,a′c


+
∑
m
XmGcm∑
j XjGjm
+
∑
a
∑
c′
Xc′∑
a′′ Xc′′
XaGca,c′a∑
j XjGja,c’a
− 1
Zc
)
(20b)
1
Za
ln γa,SR = − 1
α

∑
c′
Xc′∑
c′′ Xc′′
ln

∑
j
XjGja,c′a


+
∑
m
XmGam∑
j XjGjm
+
∑
c
∑
a′
Xa′∑
c′′ Xa′′
XcGac,a′c∑
j XjGjc,a′c
− 1
Za
)
(20c)
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The following expressions are used here to describe the
influence of temperature on τ [33]:
τji = a(1)ji
T0
T
+ a(2)ji
(
T0
T
)2
(21a)
τij = a(1)ji
T0
T
+ a(2)ij
(
T0
T
)2
(21b)
where a(1)ij , a
(1)
ji , a
(2)
ij , and a
(2)
ji , are adjustable model parame-
ters (temperature and composition independent). a(2)ij and a(2)ji
are set equal to zero, because it was concluded in a previous
work [25] that a(1)ij and a(1)ji are enough to accurately describe
the thermodynamic properties for binary polymer solutions.
3. Protein partition
Applying the quasi-electrostatic-potential theory (Eqs.
(3)–(7)), the partition coefficient of a protein, Kp, is given
by:
lnKp = ln
(
γbp
γ tp
)
+ zp
zk
[
ln
(
mtk
mbk
)
+ ln
(
γ tk
kbk
)]
(22)
w
i
i
t
4
t
p
(
following;
OBJ =
N1∑
i
N2∑
j
N3∑
k
[
1 − Qijk(calc.)
Qijk(exp.)
]2
(23c)
where Q stands for any thermodynamic property.
For high dilute partitioning species, such as the case of the
proteins studied here, their activity coefficients were assumed
to be equal to the infinite dilution activity, i.e., it was assumed
that the “charge effects” dominate the partition of a particular
protein in an ATPS. Hence, its partition coefficient can be
approximated to the second term on the right hand side of
Eq. (22):
lnKp ∼=
zp
zk
[
ln
(
mtk
mbk
)
+ ln
(
γ tk
kbk
)]
(22a)
Given the very low protein concentration range studied
here, we also assumed that the protein net charge effect on its
partition is predominant. Thus, all the interaction parameters
involving the proteins were set equal to zero. Besides, to our
knowledge, there is no experimental information available in
the literature that allows the calculation of these interaction
parameters between protein and the phase-forming compo-
nents.
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ahere the subscripts p and k stand for protein and reference
on, respectively, and the remaining symbols have the mean-
ng already presented. Eq. (22) is the working equation for
his essay.
. Model interaction parameters
The several interaction parameters were obtained by fit-
ing the modified Wilson model [25] to experimental data
ublished in the literature:
(i) The interaction parameters between polymer and water
were estimated from water-activity data [25] by mini-
mizing the sum of squares:
SSQ =
N∑
j=1
(aexp.w − acalc.w )
2
j (23a)
(ii) Ion-water specific-interaction parameters were obtained
from mean ionic activity coefficients available in the
literature [28], using the following objective function:
OBJ =
N∑
i
(γ∗calc.i − γ∗exp.i ) (23b)
iii) Polymer-salt interaction parameters were estimated us-
ing LLE data with the isoactivity criterion between the
two-liquid phases in ATPS [26,27]. The objective func-
tion used to correlate the LLE data in ATPS was the. Results and discussion
We tested the ability of the modified Wilson model in
redicting the partition of bovine serum albumin (BSA),
ysozyme, glucosidase and catalase in the Na2SO4/PEG6000
nd K2HPO4/PEG6000 aqueous two-phase systems. The ex-
erimental data used were published by Brenneisen [23] and
romann et al. [7].
The interaction parameters between polymer and wa-
er, ion and water, and polymer and salt are given in
ables A.1–A.3, respectively (Appendix A).
The interaction parameters between PEG6000 and
2HPO4 were obtained by correlating the LLE data from
romann et al. [7], and the methodology used was identical
o the one previously reported [27]. The interaction parame-
ers between PEG6000 and Na2SO4 were assumed to be the
ame for the system PEG1000-Na2SO4 [27]. Fig. 1 compares
he calculated phase diagrams with the experimental data for
he system PEG6000-K2HPO4.
As can be seen from Fig. 1, the model predicts accurately
he LLE formed by mixture of polymer and salt. The results
re identical to those obtained for the other system studied
data not shown) confirming the results previously obtained
27].
Fig. 2 presents experimental and calculated partition coef-
cients for bovine serum albumin in the PEG6000-Na2SO4
TPS at 298.15K at pH around 6.5. The arbitrarily reference
onic specie used in the calculation was, for this system, the
nion (SO42−). As can be seen from the figure, the model
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Fig. 1. Calculated and experimental (+) phase diagram for the PEG6000-
K2HPO4 aqueous two-phase system at 298.15 K.
and methodology adopted are adequate to predict the parti-
tion coefficient of BSA in this system under these conditions.
For the same ATPS, at the same pH and temperature con-
ditions, a similar agreement between experimental and calcu-
lated protein partition coefficient for glucosidase and catalase
was found. However, the best correlation was obtained us-
ing different protein net charges from those measured. For
instance, for pH around 6.5 the experimental charge ob-
tained by Brenneisen [23] for glucosidase and catalase was
−10 and −3, respectively, while the best model correlations
were achieved with net charges of −4 and −7, respectively.
Figs. 3 and 4 show experimental and calculated protein par-
tition coefficients for these two proteins, in which the calcu-
lations were performed using the best fitting model protein
net charges.
Table 1 resumes the several protein net charges that gave
the best partition coefficients predictions for the proteins
studied in the PEG6000-Na2SO4 aqueous two-phase system.
Table 1 also presents the average relative deviation between
experimental and calculated protein’s partition coefficients
using the best model fitting net charge.
F
P
Fig. 3. Calculated and experimental (+) partition coefficient of glucosidase
in the PEG6000-Na2SO4 aqueous two-phase system at 298.15 K.
Fig. 4. Calculated and experimental (+) partition coefficient of catalase in
the PEG6000-Na2SO4 aqueous two-phase system at 298.15 K.
As can be seen from Table 1 and Figs. 3 and 4, while
the model predicts accurately, within the experimental un-
certainty, the partition of BSA, glucosidase and catalase in
the PEG6000-Na2SO4 aqueous two-phase system, there are
large quantitative differences between prediction and experi-
ment for the partition of lysozyme in the same system. Several
reasons for that poor agreement may be found. For instance,
the type and concentration of salt present in the system may
Table 1
Average relative deviations (ARD) between experimental and calculated
partition coefficients of BSA, glucosidase, catalase and lysozyme in the
PEG6000-Na2SO4 ATPS using the best model fitting net charges
Protein PEG6000-Na2SO4
Experimental protein net
chargeb
Best model fitting
net charge
ARDa
BSA ≈−10 −9 0.28
Glucosidase ≈−12 −4 0.13
Catalase ≈−3 −7 0.12
Lysozyme ≈+7 −6 0.23
a ARD =
N∑
i=1
(|(kexp.i − kcalc.i )/kexp.i |)/N.
b Data from Brenneisen [23].ig. 2. Calculated and experimental (+) partition coefficient of BSA in the
EG6000-Na2SO4 aqueous two-phase system at 298.15 K.
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Table 2
Average relative deviations (ARD) between experimental and calculated
partition coefficients of BSA, glucosidase, catalase and lysozyme in the
PEG6000-K2HPO4 ATPS using the best model fitting net charges
Protein PEG6000-K2HPO4
Experimental protein net
chargeb
Best model fitting net
charge
ARDa
BSA ≈−30 12 0.69
Glucosidase ≈−22 1 0.27
Catalase ≈−4 −2 0.54
Lysozyme ≈+2 +4 0.45
a ARD
N∑
i=1
(|(kexp.i − kcalc.i )/kexp.i |)/N.
b Data from Brenneisen [23].
originate attractive interactions between proteins (caused by
electrostatic interactions with the salt), or can lead to confor-
mational changes in the structure of the protein. It is worth
to point out that the aqueous conditions during the titration
and electrophoresis experiments were different from those
in the partition experiments. Thus the right influence of the
pH fluctuations in the ATPS on the charge number might not
be obtained during the titration/electrophoresis experiments.
Also, the assumption that the partition can be explained only
in terms of electrical effects, i.e., that the first term on the
right hand side of Eq. (22) can be neglected, might lead to
larger deviations between predictions and experiments.
Table 2 resumes the several protein net charges that gave
the best partition coefficients predictions for the proteins stud-
ied in the PEG6000-K2HPO4 aqueous two-phase system.
Table 2 also presents the average relative deviation between
experimental and calculated protein’s partition coefficients
using the best model fitting net charge.
Fig. 5 shows a comparison between experimental and cal-
culated partition coefficients for lysozyme in the PEG6000-
K2HPO4 ATPS at 298.15 K at pH around 9.5. The arbitrarily
reference ionic species used in the calculation was, for this
system, the cation (K+). At this pH values, the net charge
number of lysozyme is around +2. For this charge number
F
t
Fig. 6. Calculated and experimental (+) partition coefficient of catalase in
the PEG6000-K2HPO4 aqueous two-phase system at 298.15 K.
predictions agree with the experimental results, within the ex-
perimental uncertainty, although the best predictions were ob-
tained with lysozyme net charge number equal to +4 (Fig. 5).
In the same system the model predicted the preference of cata-
lase for the top phase (see Fig. 6), even though the net charge
number that originates the best prediction results (Z=−2)
was slightly different from the net charge obtained with the
titration/electrophoresis experiments (Z=−4). For the other
two proteins, i.e., BSA and glucosidase, the predicted re-
sults were considerably different from the experimental ones
(see Table 2). Besides the reasons aforementioned for the
discrepancies between predicted and experimental partition
coefficient for lysozyme in the PEG6000-Na2SO4 aqueous
two-phase system, the fact that we did not take into account
the dissociation of the phosphate ion, might also have had in-
fluence on the deviations between experimental and predicted
results observed for this system.
The experimental data available on partition coefficients
of proteins in ATPS to date, does not allow us to accurately
estimate interaction parameters between them and the other
components present in the system (polymer, water and ions).
Thus, although the model and methodology adopted to pre-
dict protein partition in ATPS are, in some cases, very satis-
factory, the major discrepancies between prediction and ex-
periment may be partially due to the lack of experimental
data. Therefore additional experimental work should be car-
r
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t
ig. 5. Calculated and experimental (+) partition coefficient of lysozyme in
he PEG6000- K2HPO4 aqueous two-phase system at 298.15 K.ied out in order to test models and methodologies to predict
rotein partition in these systems. These experimental efforts
hould focus on the behaviour of proteins in aqueous solu-
ions, and on how the presence of the phase forming compo-
ents (polymers and salts) as well as buffers, will affect this
ehaviour, and ultimately its influence in the protein partition.
. Conclusions
A modified Wilson model proposed previously in the liter-
ture [25] has been applied to the prediction of protein parti-
ion of BSA, lysozyme, glucosidase and catalase in the aque-
154 P.P. Madeira et al. / Biochemical Engineering Journal 24 (2005) 147–155
ous systems of Na2SO4/PEG6000 and K2HPO4/PEG6000,
at 298.15 K. The electrostatic interactions were taken into
account using the Debye–Hu¨ckel equation. Due to the lack
of experimental information some parameters were assumed
equal to zero. The results are, in most cases, satisfactory.
Mainly, the observed deviations can be attributed to the as-
sumptions made.
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